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PURPOSE. We assessed the relationship among intraocular pressure (IOP), histology, and retinal function changes in a mouse model of induced, chronic, mild ocular hypertension.
METHODS. IOP was elevated experimentally via anterior chamber injection of polystyrene beads and measured twice weekly with a rebound tonometer. Histology was assessed with a combination of neurobiotin (NB) retrograde labeling of retinal ganglion cells (RGCs) and TO-PRO3 staining. Retinal function was assessed with serial dark-adapted electroretinograms (ERGs) optimized for detection of the a-wave, b-wave, and positive and negative scotopic threshold responses (pSTR, nSTR). Comparisons between bead-injected and saline-injected (control) eyes were conducted.
RESULTS. IOP remained elevated for at least 3 months following a single injection of polystyrene beads. Elevated IOP resulted in a mild, progressive reduction of RGCs, and a mild increase in axial length at 6 and 12 weeks after bead injection. The raw bwave amplitude was increased shortly after IOP elevation, but the raw a-wave, pSTR, and nSTR amplitudes were unchanged. pSTR and nSTR amplitudes were normalized to the increased bwave. With this normalization, the pSTR amplitude was decreased shortly after IOP elevation. G laucoma is the second leading cause of blindness worldwide and is defined by characteristic abnormalities of the optic nerve associated with retinal ganglion cell (RGC) death, and specific changes in retinal sensitivity and perimetric testing. 1 These changes include an early mild diffuse loss of retinal contrast sensitivity and a later denser focal loss in classic patterns. [2] [3] [4] [5] However, the details of the early RGC dysfunction that presumably underlie the initial mild diffuse loss are not well understood.
CONCLUSIONS. Polystyrene bead injection results in a mild
Elevated IOP is the most significant single risk factor for the development and progression of glaucoma, and to our knowledge is the only modifiable risk factor thus far identified conclusively. [6] [7] [8] Extremely high IOP results in rapid and profound vision loss associated with severe optic nerve damage. Ocular hypertension, defined as a chronic, mild elevation of IOP, can lead to slowly progressive changes in visual function and optic nerve appearance. 7 To investigate the role of IOP on the optic nerve and RGCs, and to study mechanisms of glaucomatous damage, various rodent models of experimental glaucoma have been generated. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Most recently, an experimental rodent model of ocular hypertension and glaucoma based on the injection of microspheres into the anterior chamber was developed. 19 This ''microbead occlusion model'' has been reproduced with minor modifications by several labs, and is characterized by a mild IOP elevation with low variability, as well as various degrees of neurodegeneration. 15, 16 Interestingly, this neurodegeneration appears to follow a sequential retrograde pattern, progressing from abnormal axon transport to axon degeneration to cell body loss over a period of several weeks to months. 15, 19, 20 While there is general agreement of the basic characteristics of this model, some variability in the amount of neurodegeneration has been reported, and a species-dependent component of RGC loss has been observed. [15] [16] [17] 19 For all published rodent models of experimental ocular hypertension the majority of studies have focused on anatomic, histopathologic, and immunohistochemical analyses of overall retinal appearance, RGC survival, and axon changes. A much smaller number of publications have focused on changes in retinal physiology. In general, these physiology-based studies have been conducted on animals with significant IOP increase and/or RGC loss, which may limit their applicability to the more common human condition of chronic, mild IOP elevation. 13, [21] [22] [23] [24] [25] [26] [27] [28] The electroretinogram (ERG) is a well-established tool for uncovering the gross physiologic state of the living, intact retina. Its core components, the a-wave (which represents firstorder neurons/photoreceptor signaling) and the b-wave (which represents mostly second-order neurons/bipolar cell signaling), are well understood. Other components have been identified that represent signaling from other retinal neurons. Two such components, the positive and negative scotopic threshold responses (pSTR and nSTR) likely represent inner retinal signaling from third order neurons, the RGCs and AII amacrine cells, respectively. [29] [30] [31] We have used minor modifications to one version of the microbead occlusion model in mice to achieve a chronic, mild IOP elevation that resembles the IOP elevation seen typically in human ocular hypertension and early glaucoma. 16 We then performed histologic analysis as well as serial ERGs over a 12-week period. We report a mild loss of RGCs over time that is consistent with published results. Interestingly, we detected changes in several components of the dark-adapted ERG by two to four weeks after IOP elevation, which precede RGC loss and do not correlate with RGC loss. These changes in retinal function occurred in a manner that is related to cumulative IOP exposure. The speed at which these changes occurred implies an effect of experimental IOP elevation on retinal function that is distinct from the sequential pattern of axonal dysfunction that has been reported previously.
MATERIALS AND METHODS

Induction of Ocular Hypertension/Experimental Glaucoma
Six-week-old C57Bl/6 female mice were purchased from Jackson Laboratories (Bar Harbor, ME) and treated in accordance NIH guidelines, the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the Baylor College of Medicine IACUC welfare guidelines. To elevate IOP experimentally, animals first were anesthetized with a weight-based intraperitoneal injection of ketamine (80 mg/ kg), xylazine (16 mg/kg), and acepromazine (1.2 mg/kg). A drop each of 0.5% proparacaine hydrochloride and 1% tropicamide then was applied to the left eye. A 30-gauge needle was used to puncture the midperipheral cornea. A pulled glass micropipette with an inner diameter of 75 lm attached to a Hamilton syringe was inserted into the anterior chamber through the corneal incision and advanced to the center of the pupil. Care was taken not to touch the lens or the posterior surface of the cornea at any point. The dilated pupil allowed for better visualization of anterior chamber depth and also prevented externalization of iris tissue during the procedure. A mixture of approximately 4.7 3 10 6 of 6 lm diameter blue polystyrene beads and 2.4 3 10 7 of 1 lm diameter yellow polystyrene beads in a total volume of 1 to 2 lL (Polysciences, Inc., Warrington, PA), followed by 3 lL of sodium hyaluronate (Provisc; Alcon Laboratories, Ft. Worth, TX) then was injected into the anterior chamber over a period of approximately 90 seconds. 16 The sodium hyaluronate served to ''push'' the beads into the anterior chamber angle, as well as prevent reflux of beads during and after the procedure. To confirm the basic ERG findings, red or yellow 6 lm diameter beads were injected instead of blue beads. After the procedure, all eyes were treated with a drop of 0.5% moxifloxacin. The right eye was left uninjected in all animals to serve as a control. Additional controls were performed by replacing the beads with 13 PBS (saline) and treating the left eye of additional animals as above.
Measurement of Intraocular Pressure
Animals were kept in a holding room maintained at 688 to 728 with a light-dark cycle of 12 hours light and 12 hours dark. For all animals, IOP was measured with a rebound tonometer (Tonolab; Icare, Espoo, Finland) before treatment and twice weekly in both eyes for 6 weeks in all animals (N ¼ 107) and for 12 weeks in a subset of animals (N ¼ 37). 32 To minimize variability, all IOP readings were taken at the same time of day (beginning at 9 AM), on the same days of the week (Tuesday and Friday), and cages were tested in the same order at each session. Before measurement, the animals were anesthetized briefly with inhaled isoflurane so that they did not require restraint during measurement. Animals were placed on their stomachs and the IOP reading obtained from the central cornea of each eye. The tonometer (Tonolab; Icare) reports as the IOP an average of 3 measurements. The average of at least 2 such readings (6 measurements) was considered to be the IOP. The cumulative IOP difference for each animal was calculated according to the following equation:
where n ¼ the number of IOP measurements taken per animal (13 for animals followed for 6 weeks and 25 for animals followed for 12 weeks).
Immunohistochemistry/Cell Counting
Neurobiotin (NB) labeling was performed according to the protocol of Pang and Wu except that the eyeballs were dissected under ambient light rather than infrared conditions. 33 After labeling, eyes were wholemounted, fixed, and counterstained with the fluorescent nuclear marker TO-PRO3. Images were acquired with a laser confocal microscope (LSM 510; Carl Zeiss, Oberkochen, Germany) and processed with Zeiss LSM-PC software (Carl Zeiss). Four regions equidistant between the optic nerve and the peripheral retina as well as four additional regions equidistant between the first four regions and the peripheral retina were imaged from each eye. 
Measurement of Eye Size
The optic nerves of freshly enucleated eyes were trimmed flush with the posterior sclera. Eyes then were placed cornea down on a cover slip, and axial length measured with micro camera and controller system (LS-7601 Digital Micrometer; Keyence Corp., Elmwood Park, NJ). Measurements were made constantly as the eye was manipulated into position and the largest number was recorded as the axial length. The eye then was rotated 908 along the anterior-posterior axis and the measurements repeated. The average of these two measurements was considered to be the axial length of the eye.
ERG Recordings
Before testing, mice were allowed to adapt to the dark for a minimum of 2 hours. Under dim red light, mice were prepared for ERG testing as described previously. 29 Signals were amplified with a Grass P122 amplifier, bandpass 0.1 to 1000 Hz (Grass Instruments, West Warwick, RI). Data were acquired with a National Instruments data acquisition board at a sampling rate of 10,000 Hz. Traces were analyzed with custom software written in Matlab (MathWorks, Natick, MA). Scotopic flashes were generated with cyan light emitting diodes calibrated with a photometer and converted to the unit photoisomerizations/rod, where 1 scot cd m 2 ¼581 photoisomerizations/rod/s. 29, 31, 34 A 5 ms stimulus of 500 nm wavelength light was used for all flashes. To remove oscillatory potentials before fitting, the scotopic b-wave was filtered digitally using the filtfilt function in Mathlab (low-pass filter, Fc ¼ 60 Hz; MathWorks). The pSTR and nSTR responses were measured under the stimuli strength described previously. 29 Stimulus strength in this report is defined according to a log intensity scale, where log 10 0 ¼ 1 photoisomerization/rod.
To assist with intra-animal ERG analysis, the ''b-wave amplitude ratio'' and the analogous ''a-wave amplitude ratio'' were determined for each animal according to the following equation:
where the mean b-wave was obtained from the average of the b-wave amplitudes obtained at six different subsaturation stimuli ranging on the log intensity scale from À0.217 to 2.30 (0.6-2 3 10 2 photoisomerizations/rod). Amplitudes of the a-wave were obtained at the same six subsaturation stimuli. STR measurements for injected eyes (bead or saline) were obtained at two stimuli of log intensity À2.09 and À1.25 (8 3 10 À3 and 5.5 3 10 À2 photoisomerizations/rod). These stimuli were chosen because they allowed for reliable measurements of STR amplitudes and were definitely independent from the b-wave. 29 These measurements were averaged, and then normalized to the uninjected eye of the same animal according to the b-wave amplitude ratio (Equation 2) such that:
This then was converted into the STR difference according to the following equation:
The use of these equations allowed for the comparison of the STR/bwave ratio while reducing intra-animal variability.
Statistical Analysis
All analyses were performed using SPSS Version 20 (IBM, Armonk, NY). ERG measurements obtained at individual light stimuli across multiple time points were analyzed with a repeated measured ANOVA to compare between groups. Stronger relationships were explored with an independent samples t-test at specific time points. Confirmatory analysis of averaged data was performed in the same fashion and used for data presentation. An independent samples t-test was used for all other analyses.
RESULTS
Injection of Polystyrene Beads Results in IOP Elevation
The left eyes of 96 six-week old female C57Bl/6 mice received a single transcorneal intracameral injection of polystyrene beads followed by sodium hyaluronate in a single syringe (see Materials and Methods). 16 The right eye of each animal remained uninjected to serve as an intra-animal control. An additional 11 animals had left eye sham injections of saline instead of beads (see Materials and Methods). The mean IOP of bead-injected eyes was higher than that of uninjected eyes at every time point over the entire 12-week study period (t-test, P < 0.05 for each point, Fig. 1A ). The mean IOP for beadinjected, saline-injected, and uninjected eyes were 15.3, 12.4, and 10.8 mm Hg, respectively ( Table 1 ). The mean IOP difference between bead-injected and uninjected eyes was 4.5 mm Hg (41.7% increase) and remained relatively constant throughout the study (Fig. 1A , Table 1 ). Severe IOP spikes were rare among bead-injected eyes, occurring in only 1.8% of all IOP measurements (29/1644, Table 1 ). To approximate the amount of additional IOP exposure experienced by injected Table 1 ). IOP is elevated by POD 1 and remains elevated at every measured time point for at least 12 weeks (t-test, P < 0.05). The difference in IOP between bead-injected and uninjected eyes is presented in red. (B) Mean cumulative IOP difference between bead-injected and salineinjected eyes. The cumulative IOP difference for each animal was determined according to Equation 1 (see Materials and Methods) and used to calculate the mean cumulative IOP difference (mm Hg). Beadinjected eyes are subject to a larger final cumulative IOP than salineinjected eyes at all measured time points (t-test, P < 0.01). Error bars represent one SEM for panels. Animals with 6 weeks and 12 weeks of follow-up are presented separately and then pooled (all). IOP was measured twice weekly for all eyes beginning on POD 1 and continuing until POD 43 (6 weeks) or POD 85 (12 weeks). The mean IOP and mean IOP difference were similar regardless of the duration of study. IOP spikes (IOP ‡ 30 mm Hg) were uncommon in bead-injected eyes and never seen in saline-injected or uninjected eyes. eyes compared to uninjected eyes, we calculated the cumulative IOP difference for all bead-injected and salineinjected eyes (Equation 1). Bead-injected eyes were exposed to a much greater cumulative IOP difference than saline-injected eyes (t-test, P < 0.01, Fig. 1B , Table 2 ). Thus, similar to human ocular hypertension and chronic glaucoma, bead injection resulted in a mild IOP elevation with a low incidence of IOP spikes and an increased cumulative IOP exposure.
Injection of Polystyrene Beads Results in a Mild Loss of RGCs
To determine if bead injection resulted in a loss of RGCs, we performed retrograde labeling of RGC axons with NB in freshly enucleated eyes (see Materials and Methods). NB is a wellestablished intracellular label, which traverses gap junctions and reliably labels RGCs. 33 To help determine cell boundaries and also to allow for the counting of amacrine cells, we counterstained retinas with TO-PRO3, which stains nucleic acids. We counted eight retinal regions from flat mounts of injected and uninjected eyes of the same animal at 6 and 12 weeks postinjection (Fig. 2) . Gross RGC density and axon confluence were decreased in the periphery compared to the midretina as has been reported previously (Fig. 2, not  shown) . 33 We observed a gradual and mild reduction in RGC somas over time, with a 7.4% reduction at 6 weeks and an 11.2% reduction at 12 weeks (Table 3 ). The distribution of RGC reduction was similar in the periphery and midretina (not shown). We did not detect a substantial correlation between cumulative IOP difference and RGC loss at either time point (6 weeks, r ¼ À0.102, P ¼ 0.83; 12 weeks, r ¼ 0.081, P ¼ 0.80; Pearson's correlation). Despite a mild increase in IOP and cumulative IOP, saline-injected eyes did not have reduced numbers of RGCs (Table 3) . To determine if numbers of other inner retinal neurons also were reduced, we counted cells that stained for TO-PRO3 but not NB, which represent amacrine cells. 33 We observed a very mild reduction of these cells (approximately 2%) in bead-injected eyes, which was not statistically significant (N ¼ 5, not shown). Finally, we assessed the thickness of the retina in cross-section and did not observe a difference in retinal thickness in either the outer or inner nuclear layer, suggesting that photoreceptors and bipolar cells were grossly intact (not shown).
Injection of Polystyrene Beads Results in an Increase in Axial Length
Others have reported an increase in axial length over time in mice with experimental glaucoma. 16, 35 To determine if similar findings were present in our model, we measured the diameter of the globe in several axes with a laser micrometer at 6 and 12 weeks after bead-injection (see Materials and Methods). The axial length of bead-injected eyes was increased by 4.7% at 6 weeks postinjection and by 3.9% at 12 weeks postinjection (Table 4) . Because the axial length increase essentially was stable after 6 weeks, this suggested that IOP-induced axial length elongation occurs early, and then remains constant with normal growth thereafter. Other measured axes were unchanged (not shown).
Injection of Polystyrene Beads Causes ERG Abnormalities in a Cumulative IOP-Dependent Manner
We chose a group of 30 animals (24 bead-injected and 6 salineinjected) for ERG study over time. Following bead or saline injection, these animals were examined with serial bilateral simultaneous full field flash ERGs at 2-week intervals, beginning at 2 weeks postinjection and continuing through 12 weeks postinjection. Four animals were excluded from the analysis because of early death, and one animal was excluded because of a deformed cornea, leaving a final study group of 25 animals (20 bead-injected and 5 saline-injected). In our study, baseline ERG results were assessed by comparing bead-injected, salineinjected, and uninjected eyes. Subsequent analyses of intraanimal changes in the ERG between bead-injected and uninjected eyes were conducted by comparison with intra-animal changes in the ERG between saline-injected and uninjected eyes. We evaluated the amplitudes of the pSTR, nSTR, b-wave, and a- Bead-injected eyes were exposed to a much greater cumulative IOP than saline-injected eyes (t-test, P < 0.01 at all time points). Cumulative IOP difference (mm Hg) for each animal was calculated according to Equation 1. NB-positive somas were counted at 6 and 12 weeks postinjection. RGC numbers were reduced by 7.4% in bead-injected eyes at 6 weeks postinjection and by 11.2% at 12 weeks postinjection when compared to uninjected eyes. These reductions were statistically significant (ttest, P < 0.05). Saline-injected eyes did not show reduced RGCs. Axial lengths of freshly enucleated eyes were measured at 6 and 12 weeks postinjection. Axial length was increased by 4.7% at 6 weeks postinjection and by 3.9% at 12 weeks postinjection. These increases were statistically significant (t-test, P < 0.05).
wave. Because of synaptic convergence the sensitivity of light responses increases after every synapse from photoreceptors to the inner retina. Consequently, elements of the ERG are observable at different light intensities, with the high sensitivity pSTR and nSTR observable at the lowest intensities, followed by the b-wave and finally the a-wave (Figs. 3A-D) .
We conducted our analysis across 10 distinct subsaturation stimuli (see Materials and Methods). At the two dimmest light stimuli (less than 0.1 photoisomerizations/rod), we consistently and reliably obtained pSTR and nSTR recordings that were distinct from the b-wave. 29 At the next two brightest light stimuli (between 0.1 and 0.3 photoisomerizations/rod), transitional waveforms including elements of the pSTR, nSTR, and bwave were obtained. Therefore, these stimulus strengths were not used in the ERG analysis because of our inability to distinguish reliably ERG component waveforms. For the last six subsaturation stimuli (0.6-2 3 10 2 photoisomerizations/rod), distinct a-waves and b-waves were present, and the pSTR and nSTR were no longer detectable. Thus, all inner retina results (pSTR and nSTR) were obtained at stimuli less than 0.1 photoisomerizations/rod, and all other results (a-wave and b- wave) were obtained at stimuli ranging from (0.6-2 3 10 2 photoisomerizations/rod).
Unexpectedly, we observed a statistically significant increase of the mean b-wave response amplitude at all tested light stimuli and at all time points after injection in beadinjected eyes compared to either saline-injected or uninjected eyes (averaged results in Fig. 3E , ANOVA P < 0.001). This increase was mild at 2 weeks postinjection, but increased further by 4 weeks postinjection and then remained stable. We found similar changes regardless of the color of beads injected (see Materials and Methods, not shown). We did not detect any alterations of the b-wave latency or tracing shape (not shown). We further assessed the b-wave as an ''amplitude difference'' determined by subtracting the b-wave amplitude of the uninjected eye from the amplitude of either the bead-injected or saline-injected eye. The mean b-wave amplitude difference then was calculated for all time points and tested light stimuli, and found to be significantly higher for bead-injected animals (averaged results in Fig. 3F , ANOVA P < 0.001, t-test, P < 0.05 for each time point). We also analyzed the b-wave with the ''b wave amplitude ratio'' (Equation 2), which was found to be higher for bead-injected animals at all time points (Fig. 3G , ANOVA P < 0.001, t-test, P < 0.05 for each time point). Analysis of the b-wave amplitude ratio at individual stimulus strengths yielded the same result at all time points (not shown). To determine if this increase in b-wave response amplitude was due to an increase in photoreceptor light responses, we performed a similar analysis on the a-wave amplitudes. There was no significant increase in the a-wave amplitude of bead-injected eyes compared to saline-injected or uninjected eyes at any tested light stimulus or time point (not shown). Thus, changes in photoreceptor light responses did not appear to explain the increase in b-wave amplitudes.
Next, we evaluated the components of the ERG contributed by the innermost retina, and the pSTR and nSTR. Second-order rod bipolar cells, which generate the b-wave, transfer signals to the post-synaptic third order RGCs and amacrine cells, which generate the dark-adapted STRs. Therefore, in the presence of an increased b-wave and otherwise normal retinal function, we would anticipate a concomitant increase in magnitude of the pSTR and nSTR. 29, 31 However, this was not observed, as there was no significant change to either the pSTR or nSTR response amplitude of bead-injected eyes compared to saline-injected or uninjected eyes for either tested light stimulus at any time point (Fig. 3B , see Materials and Methods). One possible explanation for this finding is that diminished inner retinal function prevents adequate transmission of an enhanced bipolar cell signal. As we observed mild RGC loss histologically, we therefore hypothesized that inner retinal cells were dysfunctional.
To test this hypothesis and analyze inner retinal function in the context of increased b-waves, we normalized the pSTR and nSTR amplitudes to the b-wave, and then calculated the normalized pSTR and nSTR difference (Equations 3 and 4) . This allowed assessment of the overall gain from bipolar cells to the inner retina. Statistical analysis revealed that the normalized mean pSTR difference was reduced significantly in beadinjected animals at both measured light intensities (averaged results in Fig. 4A , ANOVA P < 0.001). Time point analysis showed a reduction in bead-injected animals compared to saline-injected animals beginning at 6 weeks postinjection and continuing at later time points (Fig. 4A , t-test, P < 0.05). To determine if this normalized reduction was associated with the amount of measured RGC loss, we separated the bead-injected animals into two groups defined as above and below the median level of RGC loss at 12 weeks (mean high RGC loss ¼ 17.7%, mean low RGC loss ¼ 4.6%) and compared both to saline-injected animals. This stratification did not change the time to significance of the normalized pSTR reduction, which still occurred at 6 weeks postinjection in both groups (not shown). Since we had hypothesized that RGC function was abnormal even when cell somas are present, we sought to determine if IOP exposure was a determinant of normalized pSTR reduction. We, therefore, again separated the beadinjected animals into two equal groups, this time according to location above and below the median cumulative IOP difference (mean high IOP ¼ 165.8 mm Hg, mean low IOP ¼ 81.3 mm Hg), and compared both to saline-injected animals. With this stratification, the normalized pSTR difference was reduced sooner in the high cumulative IOP group, with a statistically significant reduction occurring at 4 weeks postinjection. The low cumulative IOP group remained different from saline-injected animals beginning at 6 weeks postinjection (Fig. 4B , t-test, P < 0.05). Because the group with the higher cumulative IOP exposure had a reduction in the normalized pSTR sooner, this suggests a cumulative IOP-dependent effect on RGC light-evoked electrical activity. Finally, we compared the normalized mean nSTR difference of bead-injected animals to saline-injected animals. Statistical analysis revealed that the normalized mean nSTR difference was reduced significantly in bead-injected animals at both measured light intensities A-C) . The normalized pSTR and nSTR difference for each animal was calculated according to Equation 4 (see Materials and Methods). (A) Bead-injected eyes have a reduced mean normalized pSTR difference when compared to saline-injected eyes beginning at POW 4 (ANOVA P < 0.001, t-test, * ¼ P < 0.05). (B) The bead-injected animals were split into two equal groups according to the median cumulative IOP difference (see Results). The group with the higher cumulative IOP (Beads, High IOP) had a reduced mean normalized pSTR difference beginning at POW 4, while the group with the lower cumulative IOP (Beads, Low IOP) had a reduced mean normalized pSTR difference beginning at POW6 (t-test, * ¼ P < 0.05), suggesting that there is an IOP-dependent effect on normalized pSTR change. (C) Bead-injected eyes have a reduced mean normalized nSTR difference (ANOVA P < 0.05). However, confirmatory t-tests performed at each time point were not statistically significant, suggesting a more mild IOP-dependent effect on the normalized nSTR than for the normalized pSTR. Error bars represent one SEM for all panels.
(averaged results in Fig. 4C, ANOVA P < 0.05) . However, time point analysis did not yield statistically different results at any time point, suggesting only a weak effect on the normalized nSTR. Stratification of the bead-injected group according to RGC loss or cumulative IOP exposure did not change this result.
DISCUSSION
Injection of Polystyrene Beads Causes a Mild, Chronic Elevation of IOP that Mimics Several Aspects of Human Ocular Hypertension and Early Glaucoma
Our version of the microbead occlusion model successfully recapitulates the critical findings reported by others. 15, 16, 19 Several components of our version suggested that it represents a good model for human ocular hypertension and its transition to early glaucoma; IOP is mildly and chronically elevated, there are few IOP spikes, and RGC loss is slow, mild, and progressive. Furthermore, because widespread RGC loss is not present, it is likely that we are observing some of the earliest effects of IOP elevation on the eye. Accordingly, our model provides an excellent opportunity to study electrical function in vivo, because the functional changes seen are not likely due to large amounts of cell loss and more likely due to the earliest IOPinduced abnormalities of retinal function.
RGC Loss Does Not Correlate with Total IOP Exposure
We reported an average RGC loss of 7.4% at 6 weeks after bead injection and 11.2% at 12 weeks after bead injection. The only other study conducted in C57Bl/6 mice with a comparable amount of IOP increase reported similar results. 16 This same study did not find a significant correlation between IOP exposure and the amount of RGC loss. Similarly, we did not observe a substantial correlation between cumulative IOP exposure and RGC loss. One explanation for these results is that our ability to monitor mouse IOP is inadequate. As we only measured IOP two times a week, it is possible that we missed spikes in IOP and, therefore, artificially sampled lower IOPs. Since we reported only very mild RGC loss, another explanation is that more animals are required to observe a weak correlation between RGC loss and cumulative IOP exposure. Similarly, it is possible that our experiment end point of 12 weeks is too soon, and longer exposure to IOP is required to observe a correlation with RGC loss. It also is possible that more complex relationships, such as rate of IOP increase or amount of variation, are better correlated with RGC loss. Finally, the very mild IOP we obtained with our model simply may not be high enough to induce large-scale RGC loss in this mouse strain. 17 Interestingly, we did find that a certain level of average IOP elevation was required to detect RGC loss. Saline-injected control eyes had an average IOP elevation of 1.6 mm Hg across all time points, whereas bead-injected eyes had an average elevation of 4.5 mm Hg. The extremely low level of IOP elevation seen in saline-injected eyes caused no demonstrable difference from uninjected eyes, which supports a relative resistance to IOP-related damage in C57Bl/6 mice. 17 However, with sufficient IOP elevation (as with bead-injected eyes) we did see an effect on RGC loss. This suggested that there is a threshold of resistance to IOP exposure that is crossed with bead injection. Some of the inter-animal variability in RGC loss when correlated with IOP exposure may be explained by unmeasured fluctuations above and below this threshold.
Raw B-Wave Amplitudes Are Increased Very Shortly after IOP-Elevation
We reported that the mean b-wave amplitude increases in bead-injected eyes at all time points, and that the mean b-wave amplitude difference and ratio are increased in bead-injected eyes by 2 weeks postinjection and increase further to a stable level by 4 weeks postinjection (Figs. 3E-G) . These results are unexpected as others have reported varying levels of decrease in b-wave and a-wave amplitudes in rat models of ocular hypertension. 21, 23, 24, [26] [27] [28] However, the results reported in these studies may be due to the very elevated IOP reported, often as high as 30 mm Hg or greater, which can lead to mild ischemia affecting all layers of the retina, or may be a consequence of inter-species differences between rat and mouse. Since we did not observe a statistically significant concomitant increase in the a-wave amplitude, our data do not imply a global stimulation of retinal electrical activity, but rather suggest that a negatively-contributing component of the b-wave is compromised. Several groups have reported evidence that amacrine cells provide this negative contribution, which may occur through a combination of mechanisms. 29, [36] [37] [38] Furthermore, multiple lines of evidence suggest that abnormalities in amacrine cell neurotransmitter profiles and function may occur without overt amacrine cell loss in models of experimental glaucoma. [39] [40] [41] Consistent with this, we did not observe significant amacrine cell loss, but did observe a subtle but statistically significant decrease in normalized nSTR amplitudes after bead injection (Fig. 4C) . Taken together, it is possible that amacrine cell dysfunction underlies our observed increases in the b-wave amplitude.
AII amacrine cells (AIIACs) receive glutamatergic synaptic inputs from depolarizing rod bipolar cells (DBC R s), and then make connexin36-mediated electrical synapses (gap junctions) on depolarizing cone bipolar cells (DBC C s), which in turn signal to ON-RGCs. In parallel, AIIACs also make chemical (glycinergic) synapses on hyperpolarizing cone bipolar cell axons and OFF-RGCs. [42] [43] [44] [45] Therefore, AIIACs serve as a critical relay station for rod-mediated signals. Recent evidence suggests that gap junctions between AIIACs and DBC C s likely mediate a portion of the negative component of the scotopic b-wave. 29 Thus, one possible explanation for the observed increase in bwave amplitude is that perturbation in AIIAC function causes a reduction in their negative contribution to the b-wave. GABAergic amacrine cells also have been implicated as providing negative feedback to the scotopic b-wave, perhaps via their effects on GABA A receptors. [36] [37] [38] Thus, it also is possible that abnormalities in amacrine cell-mediated GABA signaling or changes to GABA A receptors on bipolar cells result in a loss of negative feedback and an increased b-wave amplitude. A combination of models also is possible, in which global amacrine cell dysfunction occurs. Further studies will be required to distinguish among these possible models.
RGC Electrical Activity Is Reduced in an IOPDependent Manner and Precedes Cell Loss
In contrast to RGC loss, we report a correlation between cumulative IOP exposure and the mean normalized pSTR difference (Figs. 4A, 4B ). Our normalization of the pSTR is performed according to several assumptions based on our current understanding of retinal circuitry (see text). If our normalization is accurate, these results suggest a decrease in signal gain from bipolar cells to RGCs in dark-adapted retinas. As this decrease occurred as early as 4 weeks after IOP elevation in the group exposed to the highest cumulative IOP, and the amount of RGC loss at the 6-week time point was only 7.4%, this implies that changes to the normalized pSTR occur in the setting of minimal to no RGC loss and suggests that we are studying RGC function, which is unlikely to be associated with cell death. Thus, in our model, electrical dysfunction of RGCs precedes cell loss. Another group has made a similar conclusion in mice, but the interpretation of these results is complicated by the large amounts of RGC loss observed. 25 Two other reports from a second group also have reported reductions in raw pSTR amplitudes with extreme IOP elevation. 23, 24 However, all of these studies report a much higher level of IOP elevation than seen in our model.
Since we are studying normalized full-field ERG recordings and not single-cell patch clamp recordings, we are not able to determine unequivocally if we are observing a reduction in RGC maximum responses, a change in RGC dynamic range, or some other phenomenon that we interpret as a change in RGC function. However, we have indirect evidence that maximum responses are compromised because the effects on the normalized pSTR do not vary with light stimulus strength (not shown). Further studies including the direct analysis of RGC electrical function will be required to distinguish among these possibilities. Taken together, we believe that our data provided evidence for reduced signal gain from bipolar cells to RGCs in dark-adapted retinas, as well as an early susceptibility of RGCs to electrical dysfunction in the setting of even mild IOP elevation. Intriguingly, it is possible that these changes underlie the observation that patients with glaucoma have difficulty with visual performance under dark or dim conditions. [46] [47] [48] [49] Comparison with DBA/2J Strain Genetic models of elevated IOP also have been studied. The prevailing mouse model is the DBA/2J strain, which displays a variable phenotype, including iris atrophy, pigment dispersion, IOP elevation, and optic nerve degeneration. 50, 51 IOP elevation increases by approximately 6 months of age with a further elevation occurring at approximately 8 to 9 months of age, which is highlighted by IOP spikes. 51, 52 However, the utility of this strain as a glaucoma model has been questioned because of the large variability and time course of IOP elevation, RGC loss, and axonal degeneration, the presence of degenerative changes in multiple retinal cell types with advanced age, and a significant reduction of outer retinal electrical activity. [52] [53] [54] While long-term analyses of microbead-treated eyes have not been reported, with a mild-to-moderate elevation of IOP and minimal IOP spikes, this model of experimental glaucoma seems to overcome several of the difficulties inherent to the DBA/2J strain. In particular, the microbead model seems to be much better suited for studies of retinal function, as its effects consistently do not impact the photoreceptor layer.
Chronic, Mild IOP Elevation Results in Global Inner Retinal Dysfunction
Our model for experimental glaucoma provides an excellent opportunity to observe and characterize retinal behavior in the setting of mild, chronic IOP elevation without significant cell loss. As a consequence we have made several observations that support a model of global inner retina electrical dysfunction involving RGCs and amacrine cells, which begins shortly after IOP elevation and precedes RGC loss. We propose the following sequence of events: by 2 weeks after IOP elevation mild amacrine cell dysfunction leads to an increased b-wave amplitude, by 4 weeks after IOP elevation RGC dysfunction results in a reduced normalized pSTR, and by 6 weeks after IOP elevation minimal RGC loss is present which increases incrementally with time. In parallel, progressive RGC axon compromise occurs as has been reported previously. 19, 20 Our data suggested that IOP elevation may result in the disruption of a much more complex interplay of retinal synapses than previously believed, and a detailed accounting of the timing of changes in synaptic efficacy among RGCs, AII amacrine cells, and rod bipolar cells in response to IOP elevation is critical. If this is true, abnormalities of specific retinal synapses also may explain some of the earliest aspects and variable presentation of visual dysfunction following IOP elevation in humans, occurring in parallel with classic changes to the optic nerve. Consequently, our ability to diagnose early events in human glaucoma may be improved by new tests that quantify these relationships.
